The study on embankment failure is essential to predict potential flood and flood risk management. Significance of soil type and state is essential for the prediction of erosion of embankment due to overtopping. The behaviour of unsaturated soil is different from saturated soil. However, most of the existing embankment breach models do not consider infiltration of water inside the river embankment. Therefore, it is important to study erosion rate of unsaturated embankment of different sediments in different hydraulic conditions for the prediction of outflow discharge and hazard assessment. This study is focused on erosion of unsaturated river embankment caused by overtopping. Shear strength due to suction plays a vital role in erosion of unsaturated fine sediments. A new erosion equation is developed considering shear strength due to suction on an unsaturated bed. The shear strength of an unsaturated bed is correlated with a soil-water characteristic curve. The proposed model is tested for an embankment of different sediment sizes. The numerical model considering suction in erosion rate is capable to predict erosion rate of non-cohesive fine sediments as observed in the experiments.
INTRODUCTION
The river embankment (levee) protects human lives and properties from river floods. However, failure of river embankment may cause inundation and catastrophic damages. In Japan, about 50% of the total population lives in alluvial plains and about 75% of property exists in alluvial plains. Alluvial plains occupy only about 10% of the total land area of Japan. Most of the urban areas are located in low-lying areas that are lower than the water level during floods. Recent trend shows that the number of heavy rainfalls of 100 mm per hour is increasing. Runoff discharge is also increasing due to changes in landuse. Therefore, the study on embankment failure is essential to predict potential flood disaster and flood risk assessment.
The size and shape of the river embankments are improved to increase flood flow capacity repeatedly over long time, so the soil conditions of river embankment are complicated. Significance of soil type and state is essential for the prediction of erosion of river embankment due to overtopping. The breached outflow discharge highly depends on rate of erosion of embankment. The behaviour of unsaturated soil is different from saturated soil. However, most of the existing breach models do not consider infiltration of water inside the embankment. Therefore, it is important to study erosion rate of unsaturated embankment of different sediments in different hydraulic conditions for the prediction of outflow discharge and hazard assessment.
This study is focused on erosion of unsaturated river embankment caused by overtopping. The experimental results of embankments prepared by non-cohesive fine sediments show that rate of erosion in small sized sediment is smaller compare with bigger sized sediment. However, the rate of erosion is inversely proportional to sediment size in the bed erosion velocity for unsaturated bed proposed by Takahashi et al 1) . Shear strength due to suction plays vital role in erosion of unsaturated fine sediments. In this context, the main objectives of this study are to develop new erosion equation considering the resisting shear stress due to suction on unsaturated bed correlating shear strength of an unsaturated bed with soil-water characteristic curve and to check the validity of proposed model for embankment erosion by overtopping water.
NUMERICAL MODEL
The numerical model consists of two modules. Seepage flow model calculates change in pore water pressure and moisture content inside the river embankment to calculate shear strength due to suction. The model of embankment surface erosion and flow calculates embankment surface erosion due to overtopping. These two models are coupled for the prediction of erosion of unsaturated river embankment due to overtopping water. A brief description of each model is given below.
(1) Seepage flow model
The change in pore water pressure through unsaturated-saturated soils of the embankment is computed by using Richards' equation as follows: In order to solve Richards' equation, the constitutive equations, which relate the pressure head to the moisture content and the relative hydraulic conductivity, are required. In this study, constitutive relationships proposed by van Genuchten 2) are used for establishing relationship of ψ τ is calculated by using Egashiras' equation 4) . Expression for new erosion rate considering suction is described in the next section. The TVD-MacCormack scheme is used to approximate the solution of Eqs. (5) to (8).
(3) Erosion velocity
The equation of erosion velocity for unsaturated bed proposed by Takahashi et al 1) . is given by Eq. (9) shows that the rate of erosion is inversely proportional to sediment size. However, the experimental results of embankments prepared by non-cohesive fine sediments show that rate of erosion in small sized sediment is smaller compare with bigger sized sediment. A new erosion equation is developed considering the shear strength due to suction on unsaturated bed. The shear strength of unsaturated bed is correlated with soil-water characteristic curve. With reference to Vanapalli et al 5) ., increase in shear strength due to suction ( τ Δ Eroded thickness of embankment at each time step may be partly saturated and partly unsaturated. Usually top surface close to flowing water is saturated. However, in the computation we have to use very small grid size to represent such condition. Therefore, in the simulation, following simplified equation is used to represent erosion rate (6) to (8). Deposition rate is calculated by using equation proposed by Takahashi et al 6) ..
EXPERIMENTAL STUDIES
Different parameters of sand used in the experiments were determined by laboratory experiments. van Genuchten parameters (including r θ ) were estimated by non-linear regression analysis of soil moisture retention data obtained by pF meter experiment. The soil-water characteristic curve for drying and wetting is different due to hysteresis. As the overtopping of river embankment is wetting process, so in this study wetting soil-water characteristic curve is used. Some other parameters of different sand are listed in Table 1 . Soil-water characteristic curves for different sand are shown in Fig. 2 . 
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40cm and the longitudinal base length was 195cm. Both upstream and downstream slope of the embankment were 1V:2H. The side walls of the flume were made from clear acrylic, so it was possible to observe the erosion process from the side. A digital video camera was placed on the side of the flume to capture the shape of eroded embankment at different time steps. In all experiments, steady discharge of 7.84 l/s was used in the upstream side of the flume. Overtopping occurred after the filling of the reservoir. Fig.3 shows comparisons of experimental and numerical simulations of deformed embankment shape at different time steps. The numerical model is capable to predict higher erosion rate for bigger sized sediment as observed in the experiments. However, in the Case E6, erosion rate in the simulation is higher than observed in the experiment. The reason for higher rate of erosion in the Case E6 is due to the effect of τ Δ . Shear strength due to suction, τ Δ , decreases due to infiltration of overtopped water. As shown in Table 1 , sand no: 6 has larger saturated hydraulic conductivity compare with sand no: 7 and sand no: 8, so the infiltration rate in the embankment of sand no: 6 is very fast.
RESULTS AND DISCUSSIONS
The maximum value of τ Δ for sand no: 6 is smaller compared with other sands. The validity of Eq. (10) is only checked for increase in shear strength due to increase of suction and may not be applicable for shear strength reduction caused by decrease of suction during wetting process. Therefore, the applicability of Eq. (10) is essential to check for shear strength reduction by decrease of suction.
CONCLUSIONS
The experimental results of embankments prepared by non-cohesive fine sediments show that rate of erosion in the embankment of small sized sediment is smaller compare with embankment of bigger sized sediment. In the embankment of small sized sediment, shear strength due to suction is responsible for the lower erosion rate. In this study, a new expression for erosion rate equation is derived considering increase in resisting shear strength due to suction to simulate the overtopping erosion phenomenon of the unsaturated river embankment. The proposed model is tested for embankment of different sediment sizes. The numerical model considering suction in erosion rate is capable to predict erosion rate of non-cohesive fine sediments as observed in the experiments. 
